• What is the mechanism of concussion?
Common symptoms associated with concussion include rapidly resolving loss of consciousness, headache, confusion, memory impairment, attention and executive function, sense of dizziness, imbalance, sleep disturbances and behavioral changes.
• What is the mechanism of recovery from concussion? Most commonly, concussive symptoms improve over a period of hours, days or weeks. In some patients, however, symptoms persist, known as postconcussive syndrome.
• What are the longer-term or even permanent effects of repeated concussion? Repeated concussion presents other problems: more prolonged recovery period with subsequent concussions, and the risk of a delayed neurodegenerative disorder call chronic traumatic encephalopathy (CTE). In addition, a rare condition has been described in which fatal or near-fatal, rapid onset, brain swelling occurs with concussion. It has been questioned whether the latter occurs due to a second concussion occurring before the brain's autoregulation of blood flow has recovered from a preceding concussion, so-called 'second hit' phenomenon.
Most of the key questions in these three areas of concussion research remain to be solved. We know little of the underlying mechanisms and pathophysiology of concussion and postconcussive syndrome, as well as the vulnerability and mechanisms of CTE.
Chronic traumatic encephalopathy
The most devastating consequence of multiple, repetitive concussion is a progressive 
NIH investment in TBI research
The National Institute of Neurological Disorders and Stroke (NINDS) leads TBI research at NIH, which encompasses the full range of TBI severity, from mild (concussion) through severe TBI (car crash or serious fall). NINDS supports and conducts research on the mechanisms of immediate and delayed damage to the brain and of recovery, devising better diagnostic tools and developing more effective treatments. Research ranges from laboratory studies in animal models through clinical trials. In addition, fundamental NIH research on brain structure and function, including major initiatives such as the Human Connectome Project and The BRAIN Initiative SM , provides the foundation for understanding the effects of TBI on people.
The 
NIH/NFL Sports & Health Research Program
In 2012, the National Football League (NFL) donated $30 million to the Foundation for the NIH to launch the Sports and Health Research Program (SHRP), a public-private partnership which augments ongoing research on TBI and other sports injuries [11] . Through a series of workshops and Funding Opportunity Announcements, SHRP has made it possible for NIH researchers to begin to unravel the complex neuropathology of TBI, as well as develop new methods of detection, intervention and rehabilitation in concussion research. In December 2012, 60 scientists came together at NIH to identify the CTE neuropathology and prioritize research challenges and strategies to fill critical gaps in knowledge [12] .
In March 2013, NIH released a Request for Applications and selected two 4-year projects, each multicenter study was funded at $6 million, aimed at studying the neuropathology associated mild TBI and CTE, and the delayed effects of TBI, in order to identify neuroimaging signatures of the neuropathology as a foundation for the development of in vivo diagnostic tools. The program has funded two large cooperative programs to understand the delayed neurodegeneration that may occur in the brains of people exposed to single and repetitive concussions and to develop diagnostics that detect these effects in living people.
The SHRP program also funded six pilot projects to improve diagnosis of concussion on the sidelines and identify markers that can better track concussion injury and recovery. More about each of the six pilot projects funded by SHRP can be found online [13] . These studies focus on improving the diagnosis of concussion and identifying potential biomarkers that can be used to track a person's recovery. The SHRP program is helping researchers get closer to answering some of the important questions about concussion for athletes, and to extend the impact of that research beyond the playing field to benefit others, including the brave members of our military.
In February 2015, NIH sponsored the first consensus conference to define criteria for the pathological diagnosis of CTE by bringing together nine neuropathology experts to review the literature and relevant pathologic cases, and ultimately to develop recommendations [14] . In CTE, the tau lesion considered pathognomonic was an abnormal perivascular accumulation of tau in neurons, astrocytes and cell processes in an irregular pattern at the depths of the cortical sulci. Many other abnormalities were seen, especially in the more severely affected brains, but the group consensus was that abnormal tau immunoreactivity in neurons and glia, in an irregular, focal, perivascular distribution and at the depths of cortical sulci, was required for the diagnosis of CTE. Recommendations were also made for conducting a neuropathologic examination for CTE. They also discussed how extensive the sampling must be to rule out CTE, tissue blocks, including the sulcal depth from superior and middle frontal gyrus, superior and middle temporal gyrus and inferior parietal gyrus, were considered to be most informative for detecting the earliest or most mild lesions of CTE.
The group described several required and supportive criteria in the process of fully characterizing the neuropathology of CTE, and this workshop represents the first of a series of consensus conferences of investigators funded by the NIH research initiative. Significantly, the investigators noted that thus far, the CTE pathology has only been found in individuals exposed to brain trauma, typically multiple episodes. How common this pathology occurs at autopsy and the nature and degree of trauma necessary to cause this neurodegeneration remain to be determined.
The combined results of these two neuropathologic studies promise to answer critical questions about the chronic effects of single versus repetitive injuries on the brain, how repetitive TBI might lead to CTE, how commonly these changes occur in an adult population, and how CTE relates to neurodegenerative disorders like Alzheimer's disease. Building off of these pathologic studies, NIH, with funding support from the SHRP, has solicited applications for research in living patients with neuro/psychiatric symptoms with high-risk exposures for CTE in order to characterize the clinical syndrome and its progression over time.
Future directions in concussion research
Although NIH-funded researchers have made significant strides in concussion and TBI research through programs like SHRP, fundamental questions remain. What dose of TBI (e.g., number, intensity, temporal pattern, regional factors) is associated with subsequent foci of tau deposits in the brain? In CTE, how does the tau deposition evolve to affect widespread regions? Given similar exposures, can we predict an individual's risk for CTE using genetics, environmental influences and/or lifestyle? Moving forward, large longitudinal cohort studies will be necessary to begin to uncover the answers.
Independent of the CTE issue, there is a knowledge gap in understanding the mechanisms and consequences of concussion in our youth. Parents need to make data-driven decisions about their child's participation in contact sports. We know little about the consequences of concussion on scholastic performance, behavioral and social maturation or the risk associated with return to play and potentially suffering further concussion. The incipient NIH Adolescent Brain Cognitive Development (ABCD) study, for example, offers a unique opportunity to follow 10,000 youth starting at age 9 years for a decade to study their brain development [15] .
NINDS is committed to research on the impact of concussion on the brain at all ages in all people. Our mission in TBI research is to develop strategies and interventions to limit the primary and secondary brain damage that occurs as a result of head trauma, and to devise therapies to treat brain injury and improve longterm recovery of function. Achieving this mission not only will require clinical studies of affected individuals but also will require bright scientists to study the basic mechanisms of concussion and brain recovery after concussion.
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